Aims/hypothesis We examined whether age of type 2 diabetes onset is related to mitochondrial DNA content in peripheral blood monocytes (PBMCs). Methods PBMCs were isolated from 65 patients with type 2 diabetes. To minimise age as a confounder, only patients aged ≥50 years were studied. Sample mitochondrial DNA (mtDNA) content was determined by amplification of the mitochondrial gene CYT-B (also known as MT-CYB) and adjusted for single-copy nuclear control genes (36B4 [also known as RPLPO] and GAPDH). Results Age of diabetes onset ranged from 25 to 69 years. There was a significant positive relationship between age of diabetes onset in quartiles and mtDNA content for the whole group (p= 0.02 for trend). When stratified by the presence of diabetes complications, a strong positive relationship was observed between age of diagnosis and mtDNA content for participants without diabetic complications (r = 0.7; p = 0.0002), but not for those with complications (r=−0.04; p=0.8). Multivariate analysis confirmed age of onset and complication status as independent determinants. There was co-linearity between age of onset and disease duration, with similar relationships also seen between duration and mtDNA content. Conclusions/interpretation An earlier age of type 2 diabetes onset is associated with a lower PBMC mtDNA content, but only in patients without diabetes complications. This may reflect a differing biology of PBMC mtDNA in those with early-onset diabetes and those who are prone to complications. PBMC mtDNA depletion may accelerate diabetes onset; however the independent effect of diabetes duration remains to be evaluated.
Introduction
An insight into the specific molecular factors that determine the age at which type 2 diabetes develops is now most relevant, as early-onset type 2 diabetes is becoming increasingly prevalent. This form of diabetes appears to be phenotypically more aggressive, with poorer metabolic control at presentation and an inherent increased risk of retinopathy compared with later onset disease [1] [2] [3] .
It has been recognised for some time that patients with specific mutations in the mitochondrial genome often present with diabetes at a young age [4] . Furthermore there is now substantial evidence suggesting that abnormalities in mitochondrial oxidative capacity and biogenesis also contribute to the development of the more common variety of type 2 diabetes. Thus mitochondrial dysfunction may lead to impaired insulin action and glucose-stimulated insulin secretion [5] ; such mitochondrial defects, importantly, may be found in offspring of type 2 diabetic patients, confirming the heritability of these traits [6] . In addition to qualitative defects in mitochondrial function, quantitative alterations in mitochondrial DNA (mtDNA) have been implicated in the genesis of diabetes. Depletion of mtDNA in pancreatic islets was seen in rodent models of type 2 diabetes [7] and reduced mtDNA content has also been reported in skeletal muscle from patients with type 2 diabetes [8] . Indeed mtDNA content and mitochondrial functional capacity have been found to be closely correlated [9] . In this study we therefore examined the role of mtDNA content as a factor affecting the timing of type 2 diabetes development.
Although previous mitochondrial studies in type 2 diabetes have focused mainly on skeletal muscle and both adipose and pancreatic tissue, mtDNA content in peripheral blood cells has also been studied as a surrogate [10] . Depletion of peripheral blood leucocyte mtDNA has been shown to correlate with insulin resistance and to precede the development of type 2 diabetes [11] . In this regard, the monocyte-macrophage lineage could be of particular importance. These cells are thought to play a pivotal role in the low-grade inflammation that characterises type 2 diabetes. Indeed, preclinical studies have shown that genetic disruption of macrophage biology alone can greatly modulate insulin sensitivity, potentially via mitochondrial pathways [12] . Thus in this study we specifically examined the hypothesis that a reduced peripheral blood monocyte (PBMC) mtDNA content is associated with an earlier age of type 2 diabetes onset.
Methods

Patients
We studied 65 type 2 diabetic patients attending the Royal Prince Alfred Hospital Diabetes Centre, Sydney, for an annual complications assessment. As previous studies have indicated an age-related decline in mtDNA content, we sought to reduce the confounding impact of age by studying only patients aged ≥50 years [13] . Patients were excluded if taking HIV medications or had a known haematological malignancy. The study protocol was approved by the Sydney South West Area Health Service Ethics Committee and informed consent was obtained from all subjects.
All patients underwent a complications assessment and data were collected following a standardised protocol as described previously [14] . Retinopathy status was assessed by direct fundoscopy through dilated pupils or by report from the treating ophthalmologist and severity scored using a modified Early Treatment Diabetic Retinopathy Study severity scale [15] . Microalbuminuria status was assessed by urine albumin:creatinine ratio. The presence of neuropathy was determined clinically by the combination of symptoms and elevated age-specific biothesiometer readings. A detailed history, including the presence of ischaemic heart disease, coronary artery bypass graft, cerebrovascular events, peripheral vascular disease and age of diagnosis of type 2 diabetes, was recorded. All patients were examined for the presence of peripheral vascular disease and vascular bruits. The presence of diabetes complications was defined as the presence of retinopathy, albuminuria or neuropathy, or evidence of macrovascular disease. Patients were classified as having the metabolic syndrome by WHO criteria [16] . Samples from 27 non-diabetic participants (average age 42.2±12.4 years) were also analysed as a comparator.
Isolation of peripheral blood monocytes and preparation of DNA PBMCs were isolated from whole blood using OptiPrep (Sigma, St Louis, MO, USA). The yield of cells ranged from 4×10 4 to 726×10 4 PBMCs/ml. After separation, cells were stored at −20°C. All samples were treated in the same manner and batched for DNA extraction. Total DNA was extracted from PBMCs using a kit (QIAamp DNA Blood Midi Kit; Qiagen, Hilden, Germany) designed to extract both nuclear and mtDNA, and the DNA concentration was determined using a Spectrophotometer (NanoDrop; Thermo Scientific, Willmington, DE, USA).
Flow cytometric analysis
The recovery and purity of PBMC preparations from representative whole-blood specimens were analysed by flow cytometry (FACSAria, BD BioSciences, San Jose, CA, USA) using the monocyte-specific marker CD14. The cell populations were also gated on high forwardscatter for further assurance of monocyte characteristics. Data were analysed using FlowJo (Ashland, OR, USA) and treatments were compared with an isotype control. The result from a representative sample is shown in Fig. 1 . The percentages of CD14 + cells were 1.3%, 14.6% and 74.9% in isotype control, whole blood and isolated PBMCs respectively.
Quantitative analysis of mtDNA content
Relative amounts of mtDNA and nuclear DNA (nDNA) were determined by real-time RT-PCR. Mitochondrial DNA content in PBMCs was determined by quantification of CYT-B (also known as MT-CYB), a conserved single-copy gene encoded in mtDNA. Two types of analysis were used to quantify mtDNA content: (1) absolute standard curve method; and (2) relative cycle threshold (ΔΔC t ) with comparison to an internal control. Results were corrected for differences in starting DNA concentration and loading efficiency by measurement of the single-copy nuclear genes 36B4 [also known as RPLPO] or GAPDH.
Analysis of mtDNA content using absolute standard curves Briefly a 131 bp fragment of the CYT-B PCR product was cloned into a plasmid vector (pGEM T-Easy; Invitrogen, Melbourne, VIC, Australia) [17] . Plasmid standards of known copy number and PCR were used to generate loglinear standard curves for CYT-B and the nuclear control gene 36B4. The sample CYT-B and 36B4 copy number was then determined as described below. The identity of each fragment was confirmed by sequencing (Supamac, Sydney, NSW, Australia). All samples were run in triplicate.
Mitochondrial target gene: CYT-B Quantification of CYT-B was determined by RT-PCR using a kit (Platinum Plus QPCR-UDG; Invitrogen). Primers for CYT-B were: forward 5′GCCTGCCTGATCCTCCAAAT3′; reverse 5′AAGGTAGCGGATGATTCAGCC3′. The RT-PCR reaction (15 µl) contained 0.5 µmol/l of primers and 1 ng of DNA, and the products were amplified as follows: 2 min at 60°C; 10 min at 95°C; and 40 cycles of 95°C 10 s, 62°C 15 s and 72°C 20 s. The (mean) cycle thresholds (C t ) were compared with plasmid standards (range: 10.2-10.2×10 4 copies) and the sample copy number was determined. Dilution curves for plasmid and sample were run to ensure the Ct values for all unknown samples fell within the linear amplification range.
Nuclear DNA housekeeper gene: 36B4 The 36B4 gene product was amplified as for the CYT-B gene using forward 5′CAGCAAGTGGGAAGGTGTAATCC3′ and The CYT-B and 36B4 amplified with similar efficiency in both sample and plasmid (CYT-B: 105 and 98%, 36B4: 105 and 109% respectively). For both CYT-B and 36B4, the between-run variance in C t was ≤0.5 SD. Intraindividual variation examined by drawing blood from a participant on three occasions a few weeks apart was 0.01 to 0.05 for CYT-B and 0.08 to 0.36 for 36B4. The SD of mtDNA:nDNA was 0.012. The correlation coefficients of standard curves used were >0.97 and the majority were 0.99. Using this absolute standard curve analysis method, results are expressed as the ratio CYT-B copy number:36B4 copy number (i.e. mtDNA:nDNA).
Analysis of mtDNA content using relative quantification of cycle threshold (ΔΔC t method)
Importantly for the ΔΔC t method [18] , sample mitochondrial and nuclear targets amplified with similar high efficiencies (CYT-B 105%, 36B4 105% and GAPDH 101%). RT-PCR was performed as described and the results analysed by comparison of the sample C t values with an internal standard (ΔC t ), included in each run. Data were then corrected for the ΔC t of nuclear housekeeper DNA 36B4 or as an additional control, GAPDH, as follows
Results are designated ΔΔC t Nuclear DNA housekeeper gene: GAPDH The GAPDH gene product (286 bp) was amplified from 0.2 ng of sample DNA using forward 5′CCACCATGGAGAAGGCTGG GGC3′ and reverse 5′AGTGATGGCATGGACTGTGGTC3′ primers (both 0.5 μmol/l), and PCR conditions as follows: 2 min at 60°C; 10 min 95°C; and 40 cycles of 95°C 10 s, 58°C for 20 s and 72°C for 20 s.
Statistical analysis
Data were analysed using the NCSS 2004 statistical software (Kaysville, UT, USA). Continuous data were checked for normality and presented as mean ± SD or median and interquartile range. Data not normally distributed were log-transformed. Categorical data were compared by χ 2 test. Data were grouped into quartiles according to age of diagnosis of diabetes and compared using ANOVA or χ 2 test. Trend tests were performed between the groups for mtDNA content. Pearson's coefficient was used to assess the relationship between mtDNA content and age of onset of type 2 diabetes, duration of diabetes and age. Multiple regression was performed to determine the independent predictors of mtDNA content using the whole group or in groups as defined by complication status. Predictors examined included age of diagnosis of diabetes, duration of diabetes, HbA 1c , BMI, thiazolidindione (TZD) and metformin use, sex, ethnicity and family history of diabetes, smoking history and micro-or macrovascular complications status. The model was determined using a backward stepwise method, with variables that were significant included in the final model. Interactions were tested between the age of diagnosis (or duration of diabetes) and the presence of micro-or macrovascular complications. Statistical significance was accepted at p<0.05. Power calculations were performed to test the required size of the study population and showed that 28 participants for each group (age of onset above and below 40 years) were needed to detect a 0.03 difference in mtDNA:nDNA at a 0.05 significance level with 80% power.
Results
Age of type 2 diabetes onset and other factors affecting PBMC mtDNA Analysis of the age of onset of diabetes as a categorical variable showed a statistically significant trend for a lower PBMC mtDNA content in participants with early-onset type 2 diabetes. This was evident regardless of whether mtDNA content was analysed using the standard curve or the ΔΔC t method (Table 1) .
When mtDNA content (measured by the standard curve method) was analysed as a continuous variable, a positive relationship between age of diagnosis and mtDNA was particularly striking and statistically significant for participants without diabetic complications (r=0.7; p=0.0002) (Fig. 2a) . By contrast, there was no such relationship in the presence of complications (r=−0.04; p=0.8) (Fig. 2b) . In agreement with these findings, the relationship between age of onset and mtDNA demonstrated in the absence of complications was the same when mtDNA was measured by ΔΔC t analysis, using 36B4 and GAPDH as control genes, i.e. mtDNA by ΔΔC t correlated with age of onset in participants without diabetic complications (36B4 r=0.8, p<0.0001; GAPDH r=0.4, p=0.02), while it did not correlate with age of onset in those with complications (36B4 r=0.1, p=0.4; GAPDH r=0.03, p=0.9).
There was no difference in mtDNA content for participants without or with complications or in non-diabetic comparator participants (mtDNA:nDNA 0.36±0.06, 0.36±0.04, 0.34±0.06, p=0.3, respectively). Additionally no difference was observed between the complications and no-complications groups in terms of medication use that might impact on mtDNA, e.g. TZD or statin medications (TZD 59% vs 43%, p=0.5; statin 43% vs 61%, p=0.2 for the no-complications vs complications groups respectively).
In the same manner, there was also a significant inverse relationship between duration of diabetes and mtDNA content for participants without complications (r=−0.5, p=0.008) (Fig. 3) , but not for those with complications (r=0.1; p=0.4) (Fig. 3) . Due to the study design, with selection only of patients aged ≥50 years, there was no significant relationship between age and mtDNA content (p=0.2) for the whole group or by complication status (p=0.2 and p=0.5 for nocomplications and complications respectively).
Other clinical characteristics of participants by age of diabetes onset are shown in Table 1 . Those with early-onset diabetes had worse glycaemic control as judged by HbA 1c . There was no difference in ethnicity between the age of onset groups with the majority of patients being of AngloCeltic origin (p=0.9). Metformin use was 100%, 100%, 92% and 70%; TZD use was 14%, 7%, 8% and 20%; and insulin use was 79%, 20%, 23% and 20% for increasing age of onset quartiles respectively. There was a trend towards more maternal diabetes in participants with younger age of onset, although this was not statistically significant (p=0.3). No statistically significant difference was noted in the prevalence of the metabolic syndrome between age of onset quartiles (p=0.6). Results from multivariate regression analysis are shown in Table 2 . As participants with early-onset diabetes also had a long duration of diabetes, there was significant co-linearity between these two factors, which were therefore analysed separately in the regression models. Age of onset was a significant independent predictor of mtDNA content (p=0.0001), with earlier onset diabetes associated with lower mtDNA; there was also a significant interaction between both age of onset and complications status, on mtDNA (t=−3.2; p=0.002 for mtDNA:nDNA). As with univariate analysis, age of onset was a significant predictor of mtDNA content, if the patient group was confined to those without complications (p≤0.0003), but this was not the case in patients with complications. Duration of diabetes was also a significant predictor of mtDNA content (p=0.007), but less so than for age of diagnosis. Similarly, there was an interaction between duration of diabetes and complications status on mtDNA content; however, the magnitude of effect was less than that for age of onset. It is notable that in the respective models, age of onset accounted for over 30% of the variance in mtDNA content, whereas duration of diabetes accounted for less than 20%. In addition to age of onset or disease duration, other significant factors with a positive association with mtDNA content were BMI, Asian ethnicity and smoking history ( Table 2 ). There was a notable inverse association between HbA 1c and mtDNA content.
Discussion
Several studies to date have looked at the molecular determinants of age of type 2 diabetes onset [19] [20] [21] [22] [23] [24] [25] [26] [27] ; however none have explored mtDNA content as a candidate factor. Our study suggests that an earlier age of type 2 diabetes onset is associated with a lower PBMC mtDNA content and that this relationship occurs primarily in patients without diabetes complications. The presence of diabetes complications greatly modifies this effect, suggesting that PBMC mtDNA behaves differently in those who are prone to complications.
Why might a lower PBMC mtDNA in early-onset disease exist, and if we postulate a causal effect, what might be the mechanisms? The mechanisms that control mtDNA content are yet to be fully elucidated. There is evidence that PBMC mtDNA content has a large genetic determinant [28] and also evidence suggesting a role for mitochondria and mtDNA content in both insulin secretion and insulin action. Thus rodent models of diabetes show reduced mtDNA content in islet cells [7] and those with genetic disruption of mitochondrial transcription factor A in pancreatic beta cells exhibit depleted mtDNA and early diabetes [29] . Decreased mtDNA content has been found in skeletal muscle of patients with type 2 diabetes [8] and elegant studies by Petersen et al. [6] have found that impaired mitochondrial function in skeletal muscle of offspring of patients with type 2 diabetes is coupled with an increase in intramyocellular lipid and insulin resistance. Thus PBMC mtDNA depletion may indicate a greater depletion of islet or muscle mtDNA content and a greater bioenergetic defect affecting islet function and insulin action, thereby leading to earlier onset of overt diabetes.
Additionally, there is increasing evidence that the monocyte-macrophage lineage plays an independent and Fig. 3 Relationship between duration of diabetes and mtDNA:nDNA for the no-complications group (black circles) (r = −0.5, p=0.008) and for the complications group (white circles) (r=0.1, p=0.4) Fig. 2 Relationship between age of diagnosis and mtDNA:nDNA (a) in participants without diabetes complications (r=0.7, p=0.0002) and (b) in those with complications (r=−0.04, p=0. 8) pathogenic role in the development of type 2 diabetes. Monocyte-macrophages are recruited to obese adipose tissue and produce pro-inflammatory mediators that disrupt insulin receptor signalling pathways and contribute to insulin resistance [30] . A myeloid-specific knockout of inhibitor of nuclear factor kappa-B kinase subunit beta in mice results in disruption of inflammatory pathways in macrophages specifically and protects against diet-induced insulin resistance [12] . Recently, inactivation of a single murine macrophage gene, Pparg, resulted in glucose intolerance and insulin resistance, which was only partially responsive to TZD intervention [31] . Furthermore, increased monocyte-derived macrophage infiltration of islet cells is seen in type 2 diabetes and thought to play a role in causing islet pathology in that condition [32] . Such evidence supports a direct role of monocytes in the development of glucose intolerance. In this context, rather than being simply a surrogate for determining mitochondrial action or number in alternative tissues, our findings of reduced mtDNA in monocytes could imply a direct impact on the development and timing of type 2 diabetes.
By confining the age of participants to ≥50 years of age, we successfully eliminated current age as a factor. However, this meant that participants with an earlier age of onset had, by definition, a longer duration of diabetes. It was therefore difficult to separate the independent effect of age of onset from that of disease duration. Conceivably, both factors may have a bearing on mtDNA content, two possibilities that are not necessarily mutually exclusive. The mtDNA molecule is particularly susceptible to damage and defective replication by virtue of continued exposure to reactive oxygen species (ROS) and a lack of DNA repair mechanisms. Furthermore, it has been shown that mtDNA harbouring deleterious mutations are preferentially clonally amplified as a compensatory response to energy deficiency by making more mitochondria and mtDNA [33] . However, with time, as defective mitochondria accumulate, bioenergetic and replicative function declines. Therefore, in addition to the possibility of lower mtDNA content predisposing to early-onset disease, it is equally possible that patients with early-onset disease, exposed to the ravages of longer diabetes duration, accumulate defects in the mitochondrial genome with resultant defective replication further depleting mtDNA content. To determine the relative extent to which the age of type 2 diabetes onset or duration of diabetes affects mtDNA, a larger study of samples taken at the time of diagnosis could be conducted. However, in such a study, the differing age of the participants (by definition) and the diabetes complications potential of the patients (which would not become evident for many years) would be confounding factors. Although we cannot separate these two factors, we favour the notion that age of diagnosis plays a greater role, as its statistical relationship with mtDNA was stronger.
Another intriguing phenomenon observed by us is that diabetes complications modify the relationship between mtDNA and the age of onset of type 2 diabetes (or duration of diabetes). Interestingly, Song et al. [13] found that patients with diabetic complications have an 'atypical increase in mtDNA copy number'. As monocyte populations are now recognised to be heterogeneous [34] and different monocyte populations can independently predict vascular disease [35] , it is possible that monocytes in patients with diabetes complications have a different biology to those in patients without complications. Additionally, in the presence of diabetes complications, different modifiers may exist, which affect mtDNA quantity and override and mask the age of onset and/or duration of disease effects. Such influences are likely to be complex. However, several factors that are implicated in the development of diabetes complications and also affect mitochondrial biogenesis can be considered as possibilities. It is likely that patients with diabetic complications have worse glycaemic control than those without complications; moreover, the presence of diabetes complications is causally associated with overproduction of ROS primarily derived from mitochondria [36] . Interestingly, high glucose-induced overproduction of ROS has been shown to change mitochondrial morphology [37] and has a regulatory role in growth factor signalling and mtDNA replication [38] . Furthermore, different mtDNA haplotypes are associated with differences in ROS generation [38, 39] . So in addition to exogenous factors impacting on ROS, e.g. high glucose, persons prone to diabetes complications could also have a mtDNA haplotype more susceptible to the production of ROS, and this may in turn impact on mtDNA replication. Similarly, reduced bioavailability of nitric oxide and defective endothelial nitric oxide synthase (eNOS) are the hallmarks of diabetic vascular complications. Coupled with the finding that eNOS can induce mitochondrial biogenesis in several tissues [40, 41] , it is possible that altered nitric oxide biology leads to altered mitochondrial biology in individuals who are prone to complications and that this is not seen in patients who are free of complications. Another factor that may have impacted on the age of onset:mtDNA relationship in the complications group is the use of medications such as TZDs and statins [42, 43] . However, we did not find any differences in the overall use of these medications in the complications groups, although we were not able to analyse for dose/duration effects in our cohorts.
We also found that ethnicity, HbA 1c and smoking impact on mtDNA quantity in patients with type 2 diabetes. Thus it appears that many variables other than age of onset and/or disease duration affect PBMC mtDNA content in type 2 diabetic patients. These observations may explain the conflicting findings of Song et al. [13] , who reported reduced peripheral blood mtDNA content in the insulinresistant offspring (some also with diabetes) of type 2 diabetic patients in Korea, a result not seen in a cohort from the UK Warren 2 Consortium (cited by Singh et al. [44] ). These clinical factors should be taken into account in future study design.
The numbers of participants in our study were relatively small, partly due to the relatively infrequent numbers with early-onset diabetes. The fact that the power calculations are within our sample range is somewhat reassuring. Nevertheless, our observations need to be confirmed in a larger cohort. Purification of the various monocyte subclasses may also help to improve the specificity of the results. It would also be interesting to explore whether the mtDNA content in readily available PBMCs is representative of mtDNA from other tissues such as islet and skeletal muscle. As this is a cross-sectional study, we also cannot rule out the possibility of a survival bias in either group. Moreover, as outlined above, a difficulty inherent in our study is the separation of age of onset from diabetes duration. We cannot therefore be dogmatic about a causal link between low mtDNA and an earlier age of onset. However, this study clearly supports the hypothesis that an earlier age of type 2 diabetes onset is associated with lower PBMC mtDNA content, intriguingly only in patients without diabetes complications.
